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ABSTRACT
We report a promising candidate for a distant supercluster at z ∼ 1.1 in the Dark
Energy Survey Science Verification data. We examine smoothed semi-3D galaxy density
maps in various photo-z slices. Among several overdense regions, in this work we report
the most significant one as having a 3σ overdensity at a redshift of ∼ 1.1, over a ∼ 160
Mpc scale, much larger than the regular cluster scale (several Mpc). The shape of
the supercluster is not circular in the sky projection. Therefore, we regard the point
of maximum overdensity as the center for quantitative measurements. Two different
estimates suggest the mass of the supercluster to be 1.37+1.31−0.79× 1017M, more than one
order more massive than regular galaxy clusters. Except for protosuperclusters found
with emission-line galaxies, this could be the most distant supercluster to date defined
by regular galaxies. A spectroscopic confirmation would make this a very interesting
object for cosmology. We discuss the possible implications of such a massive structure
for ΛCDM cosmology.
Keywords: supercluster – large-scale structure of the universe – galaxies
1. INTRODUCTION
On a cosmic scale, galaxies are distributed in a
filamentous large-scale structure, and superclus-
ters are the largest aggregations of galaxies and
galaxy clusters in the cosmos. The formation of
such large regions of density enhancement in the
context of ΛCDM cosmology is of great inter-
est, especially for structures that were present in
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the early universe. Overdensities on the mega-
parsec scale can be used to constrain cosmologi-
cal constants like the initial matter distribution,
σ8, etc. (Sheth & Diaferio 2011). Aside from
cosmology, superclusters also make for interest-
ing targets for various studies, such as looking
at the effect of environment on parameters like
star-formation rates, etc. With the advent of
deeper wide-area sky surveys, like the Dark En-
ergy Survey (DES, Abbott et al. (2018)), we can
probe into the early universe and look for large-
scale overdensities in the galaxy density field,
ar
X
iv
:2
00
8.
04
02
5v
1 
 [a
str
o-
ph
.C
O]
  1
0 A
ug
 20
20
2 Narwal et al.
which can correspond to galaxy clusters or su-
perclusters. We make the distinction between
galaxy clusters and superclusters on the basis
of size, with the size of a typical supercluster
being > 30h−1 Mpc, which is much larger than
the size of a galaxy cluster (< 10h−1 Mpc). We
use this criterion because it is compatible with
most of the definitions previous researchers have
used to define superclusters in their papers.
Superclusters comprise multiple galaxy clus-
ters, which in general are not expected to be
gravitationally bound. A number of previous
works reported superclusters in the local uni-
verse (Einasto et al. 2006; Liivamgi et al. 2012;
Lietzen et al. 2016; Bagchi et al. 2017), while
some of them discovered superclusters at higher
redshifts up to ∼ 0.9, (Lubin et al. 2000; Swin-
bank et al. 2007; Gilbank et al. 2008; Kim et al.
2016)
We begin our paper by explaining how our data
were selected to create a suitable sample for
analysis (Sect. 2). Then we move onto fur-
ther treatment of the data and the methods
employed to search for the supercluster and ex-
plain how we calculate some of the properties
of the supercluster (Sect. 3). Finally, we detail
some areas for improvement in our analysis and
discuss the importance of this supercluster can-
didate and spectroscopic confirmation and the
scope for future scientific work (Sect. 4).
For the analysis in our paper, we defined our
cosmology using the following cosmological con-
stants, H0 = 70 km s
−1 Mpc−1, ΩΛ = 0.69,
Ωc = 0.27, Ωb = 0.045, AS = 2.1e−9, ns = 0.96.
Other cosmological constants were derived from
these.
2. DATA
We used data from the Dark Energy Sur-
vey Science Verification 1 (DES-SVA1 here-
after) data release. We chose to base our work
on this because of the extensive depth of the
survey data, and the large area of the sky it
covers. Although our data only extend across
∼ 140 deg2, we believe our method of analy-
sis can be extended to the full data release as
well, when it becomes available. Our data from
DES-SVA1 are concatenated with photometric
redshifts (photo-z), from Skynet, a neural net-
work trained to predict photo-z, provided with
the data release by the DES team. We chose
SkyNet based on the performance analysis done
in Bonnett et al. (2016) against other photo-z
algorithms. Figure 1 shows the photo-z distri-
bution.
We selected the appropriate continuous region
of the sky from DES-SVA1 SPT-E: ∼140 deg2
(see Fig. 2), overlapping the eastern part
of the South Pole Telescope footprint (Ben-
son et al. 2014). We selected galaxies from
the DES catalog using their MODEST CLASS
classifier, which the DES team found to have
≥ 90% efficiency and purity. Only the best ob-
jects were selected using the BADFLAG and
FLAGS [G,R,I,Z] parameters provided in the
DES-SVA1 data release. Furthermore, galaxies
with large errors (> 1 mag in any of the four
bands, griz ), in the observed magnitude are
removed to ensure accurate k -correction and
photo-z.
Since we use photo-z with errors of ∼ 0.1,
corresponding to ∼ 220h−1 Mpc at z = 0.6,
(Sa´nchez et al. 2014), we partition our data set
into redshift slices of width 0.20 in the redshift
space, i.e. a slice might be from z = 0.50 to
z = 0.70 etc. In our analysis, we restricted the
redshift range between 0.20 and 1.24, based on
the galaxy counts (Figure 1). Redshift slices
were generated in an overlapping manner at in-
tervals of 0.03; for example, two consecutive
slices could be 0.60 - 0.80 and 0.63 - 0.83, hence
objects might be detected in multiple redshift
slices. This compensates for the photo-z er-
rors (Sa´nchez et al. 2016). To calculate abso-
lute magnitudes (M), apparent magnitudes (m)
must be corrected for luminosity distance and
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Figure 1. The redshift histogram of all the DES-
SVA1 data (blue), and the selected galaxies (or-
ange). It is noted that the observed counts start
dropping quickly at z >1.2.
K -correction as
MQ = mR −DM(z)−KQR(z) (1)
We use K -correct v4 3 (Blanton & Roweis
2007), to perform k corrections, using z = 0
as the reference.
To ensure completeness, especially at higher
redshifts, we select galaxies that are brighter
than M r(AB) = −17.8. We also set an upper
limit of M r(AB) = −21. This is a conservative
choice in our redshift range, since the median
10σ limiting magnitude in the r band is 23.8.
This enables us to create a volume-limited sam-
ple and avoid the Malmquist bias. All distances
are measured on a comoving scale.
3. METHOD
3.1. Generating Galaxy Counts
We binned galaxy positions in each redshift
slice into square bins to generate a 2D his-
togram. The bin size was fixed as 5 Mpc for our
analysis. We also checked our result by varying
the bin sizes and found that increasing the bin
size to more than half the radial size of the su-
percluster causes severe underestimation of the
overdensity because we lose contrast on the bins
at the edge of supercluster regions. Smaller bin
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Figure 2. Galaxy counts map of the galaxies we
have selected, across the full redshift range of the
DES-SVA1.
sizes have a negligible effect. We count the num-
ber of galaxies in the volume-limited sample in
each bin to generate a density contrast map as
δc = (bc/bµ)−1, where δc is the density contrast,
bc is the number of galaxies in a bin and bµ is
the average number of galaxies across all bins
in a redshift slice. The density contrast map is
shown in Fig. 3. We repeated this analysis in
each redshift bin, and results are presented in
the Appendix.
3.2. Mask
For each redshift bin that we analyze we gen-
erate a mask to help our analysis (Fig. 4). Our
mask varies across redshift bins because the an-
gular distance corresponding to a fixed comov-
ing scale also differs with the redshift, and our
analysis is done with a fixed comoving scale of
∼ 5 Mpc.
Regions of the sky contaminated by bright stars
or galaxies were already marked by the DES
team in their catalog using using a column
called BADFLAG. We selected only the cleanest
parts of the sky for our analysis. We generate
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our mask by looking at the galaxy count distri-
bution in each 5 Mpc bin in our region of inter-
est. We observe a Gaussian-like curve;however,
there is a large number of bins where there have
been no galaxies observed. We mask all bins
with galaxy counts equal to zero. This provides
us with our mask. There are two main reasons
for using a mask in our study:
1. Confinement-The region we have binned
is much larger than the actual area cov-
ered in the DES-SVA1 SPT-E region. The
SPT-E region has a nonuniform shape;
hence when binning there is a need to
mask regions that lack observational data.
2. Convolution-Since we later smooth our
density contrast map, using convolution
with a 2D Gaussian kernel, it is important
that we mask bins without data, other-
wise our convolution result will be under-
estimated due to the low counts in the un-
masked regions. We discuss more about
how to correct for the underestimation in
the next section.
3.3. Smoothing
We used a 2D Gaussian kernel for our convolu-
tion, which is noted for good smoothing proper-
ties. Other choices of kernels could have been a
Mexican hat kernel or a B3 spline kernel. These
kernels make sense for detection of galaxy clus-
ters, due to the expectation of underdensities
around galaxy clusters, but we refrain from us-
ing these because of the large scales we were
working at, as compared to usual cluster size.
The mask helps with the convolution procedure,
since the convolution treats the masked pixels
as NaNs (not a number), and replaces those pix-
els with a kernel-weighted interpolation from
neighboring pixels. This avoids underestima-
tion of density due to regions where we have no
data. The size of the 2D Gaussian kernel needs
to be of a scale similar to the structure we are
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Figure 3. The ratio of galaxy counts in each pixel
relative to the mean galaxy counts in z = 1.01 −
1.21. We then smooth these counts to obtain fig. 5.
In the Appendix other redshift ranges are presented
after smoothing.
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Figure 4. This figure shows the mask we have
used. This is to prevent bins with low counts from
affecting our analysis. The data in the blue region
is the data that we have excluded.
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looking for (Einasto et al. 2014). In our case
we set the standard deviation of the Gaussian
kernel as 6Mpc, however, previous studies show
that results are not too sensitive to the smooth-
ing scale (Einasto et al. 2014). Our calculations
are consistent with this, showing low variation
in the 4-8 Mpc range. However, we do note a
significant loss of contrast at smoothing scales
larger than 10 Mpc. This is perhaps due to ex-
cessive smoothing near the supercluster edges,
which is exaggerated by the irregular shape of
our candidate structure, and due to the loss of
all internal structure of the superclusters, such
as Peak A and B in Fig. 5.
3.4. Finding the supercluster
We obtained overdensity contour plots for the
galaxy distribution in all our redshift slices (Ap-
pendix A). We then analyzed these structures
across the redshift ranges and isolated super-
cluster candidates based on estimated size and
significance. We looked at the distribution
of overdense pixels in different redshift ranges
(Fig. 6). We found that the structure in the
redshift slice z = 1.04 − 1.24 is the most over-
dense in the survey volume, with regions of more
than 4σ overdensity. In this paper, we decided
to focus and further investigate this structure.
Please see other less significant yet interesting
supercluster candidates in the Appendix.
3.5. Radius and Significance Estimation
3.5.1. Radial Profile
Finding/defining the center of our superclus-
ter region is not straightforward. Here, we sim-
ply calculate the radial profile of the superclus-
ter, in the redshift bin of z = 1.04 − 1.24, re-
garding the center of the most overdense pixel
as the center. The radial profile is generated by
calculating an azimuthal average over annular
radial bins. We show the derived radial profile
in Fig. 7. The slight bump at around 50 Mpc
is attributed to the second cluster (peak B in
Fig. 5), which is ∼ 50 Mpc away from the peak
A. We note the break in the radial profile at
r ∼ 150 Mpc and that this radial profile does
not follow a NavarroFrenkWhite (NFW) profile.
The density contrast in Fig. 7 is generated us-
ing the mean value of the density distribution in
the survey area in a redshift slice. Similarly we
use the standard deviation of the density distri-
bution to make the error bars.
3.5.2. Significance Estimates
To estimate the significance of our superclus-
ter candidate, we analyze circular patches in the
redshift bin of z = 1.04 − 1.24. For a patch of
fixed radius r, we take the sum of all the pixels
inside such a patch (Σpix). We look at the dis-
tribution of Σpix of randomly placed patches of
the same r, and compare the standard deviation
of this distribution to the Σpix of the superclus-
ter region. This gives us the significance of the
overdensity of our structure at radius r.
In case the patch contains masked pixels, we
normalize Σpix with respect to the number of
unmasked pixels to ensure a meaningful analy-
sis. Patches with more than half of their pixels
masked are not used, to ensure minimal edge
effects.
We repeat this analysis with patches of vary-
ing radius r and obtain Fig. 8, which shows
that the significance of the structure decreases
with increasing radius. The decreasing nature
in Fig. 8 is consistent with what we roughly
expect since it is evident from the radial pro-
file in Fig. 7 that the density contrast decreases
as we move away from the point of maximum
overdensity. Hence it makes sense that the sig-
nificance of the structure we are looking at also
decreases as a function of its defined diameter.
Also, the supercluster region is not circular in
the 2-D projection, hence a circular patch in-
cludes low density regions which are outside the
actual structure, so larger radii will cause in-
creasing underestimation of the significance.
We can also observe that the profile becomes
flatterer at around 160 Mpc (Figs.7 and 8),
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Figure 5. Contour plot of the density contrast smoothed with a Gaussian kernel, showing the significance
of overdense structures in the redshift slice 1.04 − 1.24, and a zoomed-in view of the supercluster region
showing two distinct 4σ peaks. The scales of 300 Mpc and 100 Mpc are plotted for reference.
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Figure 6. Overdensity significance distributions
at each redshift bin. Bin size is fixed at 5 Mpc for
all analyses.
which can be regarded as a measure of the size
of the structure.
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Figure 7. Radial profile of the supercluster region
in a bin of 1.04 < z < 1.24. Note that the shape is
not quite circular, like that shown in Fig. 5.
3.6. Estimating the redshift
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Figure 8. Significance of the overdensity as a
function of the supercluster diameter in a bin of
1.04 < z < 1.24.
0.6 0.7 0.8 0.9 1.0 1.1 1.2
Redshift
1.0
1.5
2.0
2.5
3.0
3.5
Co
un
ts
 (r
at
io
)
Full Supercluster Region
Peak A Region
Peak B Region
Figure 9. Relative galaxy counts with respect to
field galaxies in the supercluster, Peak A, and Peak
B regions as a function of redshift (Nregion/Nfield).
Poisson error bars are included.
We look at relative galaxy counts in a patch
near the most overdense region of the super-
cluster and the average counts in patches in the
whole SPT-E region as functions of redshift. We
select the size of the patch by observation of Fig.
5 and the patch is defined as 72.5 < RA < 73.4
and −48.9 < Dec < −48.2. Fig. 9 shows us a
peak at redshift ∼ 1.15, which can be regarded
as a measure of the supercluster redshift. There
is also a peak at z ∼ 0.7, which we found is due
to another galaxy cluster in the same region of
the sky as our supercluster candidate, along the
line of sight. This peak corresponds to the over-
density in the same region of the sky as the su-
percluster candidate at a lower redshift, as can
be seen in Fig. 11(f).
Note that Fig. 9 is restricted to redshift < 1.24
since observed galaxy counts start decreasing
rapidly after that (Fig. 1).
3.7. Twin Peaks
To further investigate our structure, we look
at the relative galaxy counts in Peaks A and B
as a function of redshift. We define and select
the region of Peak A and Peak B as the 4σ
overdense regions in Fig. 5.
In Fig. 5, we see that there exists an overden-
sity in between Peaks A and B. The separation
between A and B is ∼ 35 Mpc in RA-Dec space,
which is seven bins in our analysis. The posi-
tional accuracy of the DES data is much better
than our bin size of 5 Mpc. The significance of
overdensity of these bins in between peak A and
B is ∼ 3σ. Therefore, we interpret these two
structures as physically connected, suggesting
that the existence of a supercluster.
We see in Fig. 9 that the redshift distributions
of Peaks A and B are consistent with being from
the same structure. It is not that one peak is
at z = 1.04, and the other is at z = 1.24. Both
peaks have similarly wide redshift distributions
centered around z = 1.15. This is also consis-
tent with the interpretation that peaks A and B
are physically connected. In Fig. 5 we observe
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a large 2σ overdense region surrounding Peaks
A and B in RA-Dec space.
From Fig. 9, the maxima at 1.05 is not a sharp
peak, but rather a start of the increase of the
density in redshift space, so we interpret it as
an indicator of the advent of the supercluster
region in redshift space, and not as one of peak
A or B based on the evidence provided by the
individual redshift distributions of peaks A and
B, which are peaked around z ∼ 1.15.
3.8. Mass estimate
We adopt two simple approaches to calcu-
late the halo mass of our candidate superclus-
ter since we have no membership probabilities
to calculate mass richness from. For both of
these, we need an idea of the diameter(size) of
the supercluster. We make a rough estimate
of the supercluster diameter by using Fig. 8.
We note that a 3σ overdensity corresponds to
a ∼ 160 Mpc diameter for the presented super-
cluster candidate. We use this value for further
calculations involving the size of the superclus-
ter. For the error bars, we assume a 25% error
in our size estimate.
1. Scaling Shapley supercluster mass-We as-
sume the presented supercluster candi-
date to be spherical and take the halo
mass calculated for the Shapely superclus-
ter and scale it to the size of the presented
supercluster candidate. Using the mass
for the Shapley supercluster from Filip-
pis et al. (2005), we obtained a mass es-
timate of 1.10+1.03−0.63 × 1017M for the pre-
sented supercluster candidate. It is im-
portant to note that this method does
not account for redshift evolution, and is
probably an overestimate, as low-redshift
superclusters are more collapsed and mas-
sive.
2. Estimate from critical density-We use
Steidel et al. (1998) to calculate the su-
percluster mass as follows:
Mtot = ρmV(1 + δm) (2)
Here ρm is the mean density of the uni-
verse. To obtain δm from δ<galaxy>, we
use the δm = δ<galaxy>/b , where b is the
bias factor. We use bias factor b = 1.1
from Zehavi et al. (2011). We use ρm
from (LSST DESC 2020, in preparation)(
https://github.com/LSSTDESC/CCL).
We hence obtain a supercluster mass esti-
mate of 1.37+1.31−0.79× 1017M, which is con-
sistent with that derived from the method
(i).
4. DISCUSSION AND CONCLUSIONS
We now discuss a few important factors in our
study that affect the significance of our findings.
While analyzing the regions of overdensity in a
particular redshift slice, we do not calculate the
counts of the field galaxies in the background of
the supercluster in the same region of the sky,
leading to a slight overestimation of superclus-
ter membership. On the other hand when we
generate circular patches to estimate the sig-
nificance, we are underestimating the density
of the structure, since it is not circular in the
projection. Also, although using redshift slices
mitigates most of the error due to the errors
in the photo-z, it is not perfect and improved
photo-z will help with further localization of the
supercluster in redshift space.
In our analysis we observe two regions of > 4σ
overdensity (labeled Peak A and Peak B in Fig.
5) and both of them lie in the supercluster re-
gion in the redshift slice from 1.01 to 1.21. We
note the relative galaxy counts in Peaks A and
B as a function of redshift and compare them
with the distribution for the whole superclus-
ter region (Fig. 9). We find that both the
peaks have a wide distribution in redshift space
peaked around z = 1.15. In Fig. 5, we can
see that there exists an overdensity in between
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Peaks A and B. Therefore, we interpret these
two structures as physically connected in RA-
Dec space as well. This leads us to believe they
are a part of the same larger structure. It seems
like our candidate supercluster comprises of two
large galaxy clusters with a filamentous region
around them.
A review of the literature shows us a wide va-
riety in supercluster masses and sizes. Bagchi
et al. (2017) find a massive (1016M) super-
cluster at redshift 0.28, with a size of ∼ 200
Mpc. Einasto et al. (2006) compiles more than
500 local superclusters at redshift < 0.2 with
effective diameters in the 20 − 50 Mpc range.
Researchers have tried to look for superclusters
in multiple ways. Lubin et al. (2000) looked at
a large population of red galaxies in the space
separating two galaxy clusters at redshift 0.9
and concluded the existence of a supercluster.
Swinbank et al. (2007) used color selection to
isolate overdensities across 30 Mpc in the sky.
Gilbank et al. (2008) optically selected overden-
sities and obtained mass estimates from X-ray
temperatures of member clusters, finding a total
mass of ∼ 1.5 × 1015M. Lietzen et al. (2016)
identified an extended structure at redshift of
0.47 with total mass of 2 × 1017M. However,
the total survey volumes searched are missing
from most of the literature, so these are not
shown in Fig. 10.
Aside from protosuperclusters, defined by
emission-line galaxies, this finding is a candi-
date to be the most distant supercluster to
date, and as such is a powerful tool for probing
into the early universe. It can be used as a good
target for studies of the effects of environment
on galaxies, etc. (e.g., Goto et al. 2003).
We can also ask the question, whether we ex-
pect an overdensity like this in our cosmological
models, since the most massive superclusters
are thought to form from peaks in the initial
mass-density fluctuations. It is interesting to
ask whether or not this structure is virialized
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Figure 10. Comparison with supercluster mass
functions in the literature, showing the number of
superclusters in the survey volume as a function of
the mass of the supercluster.
or where this structure lies in the evolutionary
scale, toward local superclusters like the Shap-
ley supercluster, or near protosuperclusters like
the one mentioned in Cucciati et al. (2018).
Confirmation of such a massive structure, at a
high redshift of 1.1 using spectroscopic data,
would be of great importance in the context of
ΛCDM cosmology, especially if its existence is
unexpected (Sheth & Diaferio 2011). We would
be more confident of the place of a supercluster
like this in ΛCDM cosmology if we had reached
higher redshifts so that could allow us to ana-
lyze the rarity of such objects.
As evident from the superclusters in the litera-
ture, superclusters come in a huge range of sizes
and masses, and we conclude that the size ( /© =
160 Mpc) and mass estimate (1.37 × 1017M)
of the presented supercluster candidate are not
out of the ordinary. Sheth & Diaferio (2011)
discussed that the existence of Shapley super-
cluster (∼ 1015M) is consistent with ΛCDM,
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and discussed that it is not unreasonable to find
a structure as massive as ours in a much larger
volume of the universe as compared to the lo-
cal volume in which Shapley is enclosed. This,
however, does not take into account cosmologi-
cal evolution and we require simulations to es-
timate if such structures could have formed in
the early universe corresponding to this candi-
date structure’s redshift.
Using data from Lim & Lee (2014) for a su-
percluster mass function from simulations, and
from Bahcall & Cen (1992) for a galaxy cluster
mass function, we compare the consistency of
our object with ΛCDM. Simulations from Lim
& Lee (2014) also show the evolution of the
supercluster mass function with redshift. Fig.
10 compares these mass functions against our
finding. Considering the mass of the presented
supercluster candidate is one order larger than
that in simulations, and how the redshift evolu-
tion of the supercluster mass function is a de-
creasing function of redshift (Lim & Lee 2014),
the existence of this supercluster might be in-
consistent with ΛCDM cosmology. However, we
must note that our mass estimate is highly in-
accurate and the tension with the other mass
functions might be reduced as we obtain an ac-
curate mass estimate. The number density of
superclusters as massive as 1017M is also quite
uncertain statistically since we found only one
such supercluster candidate at redshift 1.1 in
a volume of 0.84 × 109 Mpc3, which was our
whole survey volume. A much wider survey vol-
ume could significantly affect our mass function
plot. Therefore, further deep and wider surveys
are critically important to examine the ΛCDM
cosmology in a more accurate way. Considering
such wide-ranging implications on cosmology we
think this is a prime candidate for spectroscopic
confirmation.
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APPENDIX
A. OTHER REDSHIFT SLICES
Here we present the overdensity contour plots from redshift slices between z = 0.2 and z = 1.2
(Fig. 11). We note another supercluster candidate between redshift 0.5and0.8.
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Figure 11. Galaxy density significance maps at each redshift slice. The legend in each figure is the mean
value of the redshift of the galaxies in the galaxy bins. Each figure is made in a redshift slice of 0.2 width.
We can see that the same structure might be detected in multiple redshift slices. The contours represent
two,three and four σ overdensity levels.
